The genetic diversity of Mycobacterium tuberculosis isolates among patients from Sweden was determined by a combination of two PCR-based techniques (spoligotyping and variable number of tandem repeats analysis). It resulted in a clustering of 23.6% of the isolates and a rate of recent transmission of 14.1%. The clustered isolates mainly belonged to the Haarlem family (23.2%), followed by the Beijing (9.8%), Latin American and Mediterranean (LAM; 8%), and East African-Indian (EAI; 6.2%) families. A comparison of the spoligotypes with those in the international spoligotyping database showed that 62.5% of the clustered isolates and 36.6% of all isolates typed were grouped into six major shared types. A comparison of the spoligotypes with those in databases for Scandinavian countries showed that 33% of the isolates belonged to an ill-defined T family, followed by the EAI (22%), Haarlem (20%), LAM (11%), Central Asian (5%), X (5%), and Beijing (4%) families. Both the highest number of cases and the proportion of clustered cases were observed in patients ages 15 to 39 years. Nearly 10% of the isolates were resistant to one or more drugs (essentially limited to isoniazid monoresistance). However, none of the strains were multidrug resistant. Data on the geographic origins of the patients showed that more than two-thirds of the clustered patients with tuberculosis were foreign-born individuals or refugees. These results are explained on the basis of both the historical links within specific countries and recently imported cases of tuberculosis into Sweden.
About 2 million humans die from tuberculosis (TB) each year, and it is estimated that about one-third of the world's population is infected with Mycobacterium tuberculosis (20) . The disease is most common in developing countries and is spreading fast because of the human immunodeficiency virus pandemic. In Western European countries, the rates of TB, determined from rates of notification to public health authorities, have increased recently, particularly because of cases among immigrants from countries with a high incidence of TB (2) . In Eastern European countries, the rates of mortality and morbidity from TB have also increased dramatically because of socioeconomic difficulties or problems with TB control programs (2) . Despite a low reported TB incidence of 5.2/100,000 inhabitants in Sweden, there remains a risk of spread of multidrug-resistant (MDR) TB due to migration from the countries of Eastern Europe, where the incidence of MDR TB is alarming (6) .
During the last decade, molecular epidemiological methods have been developed with the aim of revealing epidemiological features of the disease, surveying its spread, and identifying risk factors associated with the dissemination of MDR strains (18) . Although the "gold standard" method for studying the epidemiology of TB is IS6110-based restriction fragment length polymorphism analysis, it remains a cumbersome method. It may be successfully replaced by easier PCR-based methods, such as spoligotyping and variable number of tandem DNA repeats (VNTR) analysis, which have high discriminatory indices and reproducibilities when they are used in combination (9, 18) . The aim of this study was to determine the genetic diversity of M. tuberculosis isolates from Swedish patients by using this combination of PCR-based methods and to compare the data obtained with those from neighboring countries to highlight the dissemination of major phylogenetic clades of TB within Scandinavia.
MATERIALS AND METHODS
Strains and clinical specimens. The 220 M. tuberculosis complex strains obtained were systematically cultured from pathological samples from June 1999 to December 2002 in Göteborg, Sweden. Testing for susceptibility to rifampin (RIF), pyrazinamide (PZA), isoniazid (INH), streptomycin (SM), and ethambutol (EMB) was performed by the BACTEC 460 radiometric method (21) .
Molecular typing. Bacterial DNA was prepared by the cetyltrimethylammonium bromide (Merck, Darmstadt, Germany) method, as described previously (28) . The DNA pellet was dried at room temperature, resuspended in TE buffer (10 mM Tris, 1 mM EDTA [pH 8]), and stored at 4°C.
Spoligotyping was performed with primers DRa and DRb, with primer DRa biotinylated at the 5Ј end in order to amplify the whole direct repeat (DR) region, as described previously (14) . Detection of hybridizing DNA was done by enhanced chemiluminescence (ECL; Enhanced Chemo-Luminescence Detection kit; Amersham, Little Chalfont, England), followed by exposure to X-ray film (Hyperfilm ECL; Amersham), in accordance with the instructions of the manufacturer. The X-ray film was developed with standard photochemicals after 2 h of exposure.
Typing by VNTR analysis was performed as described previously (9, 10) , with slight modifications. PCR was performed in a GeneAmp PCR system 9600 (Perkin-Elmer, Roche Diagnostic Systems). An aliquot of 30 l from the reaction tubes was run on a 3% Metaphor gel (FMC Bioproducts, Rockland, Maine). Molecular size standards (100-bp ladder; AP-Biotech, Uppsala, Sweden) were run every seven lanes. Determination of the molecular sizes of the PCR frag-ments was performed with Taxotron software (P. A. D. Grimont, Taxolab, Institut Pasteur, Paris, France) with images digitized with the Video-Copy system (Bioprobe, Montreuil, France). Once the lengths of the PCR fragments were calculated precisely, the number of copies for each exact tandem repeat (ETR) was deduced by using an Excel spreadsheet program (Microsoft, Cupertino, Calif.) and data published previously (10) . The data were documented as fivedigit numbers representing allele profiles ETR-A to ETR-E.
RESULTS

Molecular typing data.
Of the 220 M. tuberculosis complex isolates available, 29 isolates could not be typed satisfactorily due to poor DNA quality. Thus, reproducible results were obtained for 191 isolates; 58.6% of the isolates were clustered by spoligotyping (22 clusters containing 112 strains, with the number of strains in each cluster ranging from 2 to 28; Table  1 ). Major spoligotypes were defined as types that contained five or more isolates each among the Swedish isolates. The results were also compared with those in the international spoligotyping database of the Institut Pasteur de Guadeloupe, which has defined major and minor rules for designating major spoligotyping families or clades (8) . Its most recent version (version SpolDB4, which is under development) contained patterns for 26,371 clinical isolates, split into 1,527 shared types (STs; a common pattern shared by two or more isolates) and 2,446 unique (orphan) types at the time of the comparison. Thirty (15.7%) isolates from the present study were orphan types, whereas the remaining 84.3% of the spoligotypes were already present in the database. Among the clustered isolates in this study (excluding the two M. bovis BCG isolates, which were not retained for phylogenetic analysis), there were six major spoligotypes (STs 1, 26, 42, 50, 52, and 53), which consisted of 62.5% of the clustered isolates and 36.6% of all isolates typed. Sixteen minor spoligotypes, which contained less than five isolates each, were also identified and represented 22% of all isolates.
Of the 191 M. tuberculosis complex isolates studied by spoligotyping, 112 clustered strains were further typed by VNTR analysis. Spoligotyping and VNTR analysis combined resulted in 18 clusters containing 45 strains, with each cluster containing from 2 to 8 strains ( Table 1 ). The rate of recent transmission was calculated by the formula [T(c) Ϫ N(c)]/T(a), where T(c) is the total number of clustered isolates, N(c) is the number of clusters, and T(a) is the total number of isolates (22) . On the basis of our data, this rate was 14.1%.
A determination of predominating clades by spoligotyping showed that isolates mainly belonged to the Beijing, Central Asian (CAS), East African-Indian (EAI), Haarlem, Latin American, and Mediterranean (LAM), and T families. A major proportion of clustered strains (23.2%) belonged to the Haarlem family (STs 47, 49, 50, 62, and 283). The proportions of clustered strains that belonged to the remaining families were as follows: 9.8% to the Beijing family (ST 1), 8% to the LAM family (STs 41, 42, and 918), and 6.2% to the EAI family (STs 48, 89, and 139). The remaining isolates belonged to either the CAS family or an ill-defined T group of families (Table 1) . To see how the families observed in this study agreed with those present throughout Scandinavia, the data were also compared to the data in the SpolDB4 database. Two different analyses were performed: the first one focused on the STs observed in the present study compared with the same STs observed throughout Scandinavia (n ϭ 461) ( Table 1) , whereas the second one compared all the STs, according to their classifications in the seven major families, present among the four countries studied (n ϭ 898) (data not shown). Among the four Scandinavian countries, strains belonging to STs 25, 62, 68, 89, 283, 357, 584, and 918 were limited to Sweden; and among these STs, STs 68, 283, 357, and 918 were exclusively found during the present investigation ( Table 1) . Most of the STs found in this study were present in Finland; the exception was ST 48. Although the STs in the database may not be representative of the M. tuberculosis population structures present in each country, a global comparison of the STs for all the Scandinavian countries was also performed. As many as 33% of the isolates belonged to an ill-defined T family, followed by the EAI (22%), Haarlem (20%), LAM (11%), CAS (5%), X (5%), and Beijing (4%) families. Strains of some families were predominant in a given country, e.g., 90% of all Beijing isolates recorded for Scandinavia in the database were from Sweden, 70% of Haarlem isolates were from Finland, and 60% each of X and EAI isolates were from Denmark. On the other hand, CAS family strains were nearly equally split between Sweden and Norway. These differences either may underline historical links with specific countries or may represent recently imported TB cases, as detailed in the Discussion.
Patient characteristics and drug resistance patterns. The sex ratio of the population was 1, and the age range of the patients was 1 to 89 years. The proportion of cases clustered in various age groups is summarized in Table 2 . Patients in the group aged 15 to 39 years had the highest number (45.4%) of isolates, followed by those ages 65 years or older, with 30.5% of the isolates. Interestingly, the proportion of clustered cases was higher among the group aged 15 to 39 years than among those aged 65 years or older (52.7 and 22.7%, respectively, by spoligotyping alone and 48.9 and 26.7%, respectively, by spoligotyping plus VNTR analysis). Clustering by spoligotyping alone showed broad relationships among strains (clades) rather than epidemiological links, whereas clustering by combined spoligotyping and VNTR analysis may be considered to reflect the clonality of the isolates. These results could indirectly suggest that most of the cases among patients aged 15 to 39 years represented recently transmitted disease, whereas cases among elderly patients represented reactivation; nonetheless, these differences between the two age groups were not statistically significant.
Among the clustered strains obtained by spoligotyping, 37 (33%) were from ethnic Swedish individuals and 75 (67%) were from either foreign-born individuals or refugees. They originated from Afghanistan (n ϭ 4), Bosnia (n ϭ 5), Ethiopia (n ϭ 3), Finland (n ϭ 3), Iran (n ϭ 2), Kosovo (n ϭ 6), Somalia (n ϭ 16), Turkey (n ϭ 3), Vietnam (n ϭ 9), Yugoslavia (n ϭ 6), and 14 other countries (n ϭ 18). Among the clusters obtained by the two methods (Table 3) , we noticed that 14 (31.1%) patients were from Sweden, whereas 31 (68.9%) were foreign-born individuals. Among the 18 clusters defined by a (Table 2) . Nineteen patients (9%; 7 men and 12 women) were infected with resistant isolates. Among the 19 isolates, 15 isolates were resistant to one drug and 4 were resistant to two drugs. Among the strains from the seven male patients, three strains were resistant to SM (patient age range, 19 to 22 years), two strains were resistant to INH (patient ages, 26 and 63 years, respectively), and two isolates were resistant to PZA (patient ages, 73 and 76 years, respectively). However, the last two strains were identified as M. bovis BCG. These were isolated from two Swedish patients, born in 1925 and 1928, respectively, with bladder cancer who had been treated with the M. bovis BCG vaccine and who became infected by the vaccine strain. Among the strains from the 12 female patients, 7 strains were resistant to INH (patient age range, 22 to 78 years), 1 was resistant to PZA (patient age, 34 years), and 4 were resistant to INH and SM (patient age range, 22 to 41 years). The clustering of isolates by spoligotyping alone was significantly associated with resistance (11.7%; P ϭ 0.017), but clustering by spoligotyping and VNTR analysis was not (6.7%) ( Table 2 ). This underlines the fact that the proportion of resistant isolates was higher among the most prevalent clades of M. tuberculosis, probably due to imported cases of the disease from countries with higher rates of drug resistance or reactivation among previously treated patients.
DISCUSSION
The present study gives a first outline of the diversity of the population structure of M. tuberculosis in patients from western Sweden. The sex ratio of 1 in our study is in agreement with a recent report on TB notification rates for Scandinavian countries for the years 1995 to 2000 (2) . However, the sex ratio among clustered cases was higher (1.4) ( Table 2) , probably reflecting a higher proportion of men among foreign-born patients with TB. As the clustering of isolates is crucially dependent on the completeness of the sample (12) , this study included all cultures received in Göteborg from June 1999 to December 2002. All strains were first typed by spoligotyping. Although spoligotyping is useful for a first screening, this method is known to overestimate the proportion of clustered isolates, mainly due to the presence of common STs, such as STs 42, 50, and 53, present around the world (24) . Consequently, all clusters defined by spoligotyping were further typed by VNTR analysis (9) . This resulted in a final clustering rate of 23.6% instead of the rate of 58.6% achieved by spoligotyping alone. This clustering rate of 23.6% for Swedish strains is lower than those reported in other studies, e.g., 37.5% in New York City (1), 40% in San Francisco, California (22) , 45% in South Africa (31) , and 46% in The Netherlands (27) .
The rate of recent transmission in our study (14.1%) is significantly lower than that reported in The Netherlands (35%) and may represent an underestimation due to a smaller sample size (n ϭ 191) or a relatively short study period (31 months) (27) . Nonetheless, the transmission rate of 14.1% in our study is similar to that in London, England (14.4%) (17) , and Norway (11%) (4) but is below the rate of 24% reported in Denmark (32) . Although most of the patients in the clusters defined by a combination of spoligotyping and VNTR analysis were foreign born (Table 3) , this fact does not necessarily imply that transmission was associated with the country of origin. Indeed, the fact that transmission could have occurred abroad was apparent for only 14 of 45 patients (Table 3 ). The clustering of strains from one patient born in Portugal and one patient born in Syria, for example, is unlikely to be the result of transmission in the country of origin (even though both patients were foreign born). (2) Somalia (15) and Sweden (79) (Göteborg) J (2) Portugal (52) and Syria (62) (Göteborg) K (2) Finland (64) and Kosovo (37) L (3) Kosovo (32 and 33) (Bohuslän) Not Swedish (35) M (3) Marocco (43), Somalia (41) (Göteborg) Sweden (83) N (2) Sweden (80 and 81) (Göteborg) O (2) Somalia (18) and Turkey (24) (Göteborg) P (2) Kosovo (28 and 38) (Borås) Q (2) Sweden (86) and Yugoslavia (39) R (2) Russia (24) and Sweden (27) On the other hand, the spoligotyping data alone permitted detection of groups of related strains (clades), and the link with the country of origin detected in this study was consistent with those detected in other studies, possibly reflecting reactivation with strains that are predominant in the country of origin. This is certainly leading to a change in the epidemiology of TB over the years; e.g., in Norway the proportion of foreign-born patients with TB increased from 4% of all cases in the mid-1970s to 70% in 2000 (7) . In Sweden, 67% of cases of TB were detected in individuals born abroad, a rate similar to that for Norway, whereas in Finland, only 9% of patients with TB were foreign born (2) . For example, the strains belonging to the Beijing family in this study originated from people coming from Vietnam and the former USSR; strains belonging to the EAI family originated from people coming from Africa, Indonesia, Thailand, and Vietnam; and strains belonging to the Haarlem family essentially originated from patients of Swedish ethnicity or European descent. This finding corroborates the biogeographical specificity of most of the spoligotyping-defined clades in the SpolDB3 and SpolDB4 databases (8, 23) .
During the last decade, Sweden has received between 30,000 to 70,000 immigrants per year, the majority of these being from Iraq, the former Yugoslavia, Finland, Norway, Denmark, and Somalia (www.migrationinformation.org). Although it was shown that some immigrants had been infected in the host country, the majority were infected in their own countries, e.g., 74.9% of Somalian patients living in Denmark had been infected prior to their arrival in Denmark (4, 5, 16) . This could also be the case in Sweden, as evidenced by the high rate of clustering of strains from foreign-born patients in this study (68.9%) (Table 3) . However, foreign-born individuals made up 67% of TB cases in Sweden, and this value is comparable to the proportions of strains from foreign-born individuals that formed clusters by spoligotyping (67%) and the combination of test methods (69%). As these values are virtually identical, they may indicate that the proportion of foreign-born patients whose strains formed clusters is the same as the overall proportion of TB cases.
By spoligotyping alone, drug-resistant (essentially INH-resistant) isolates were more prevalent among the clustered isolates (Table 2) . A prevalent clone of INH-resistant M. tuberculosis was recently found among African immigrants in the Stockholm area (11) . Reports from San Francisco and New York City have also shown that drug-resistant M. tuberculosis isolates are more prevalent among clustered isolates than among unclustered isolates (1, 22) .
Some genotypes of M. tuberculosis have demonstrated a greater ability to be transmitted and distributed throughout the world, such as the Beijing family (29) , the most prevalent spoligotype in the world (22) , and the Haarlem genotype family. In our study, the majority of isolates belonged to the Haarlem family, which, according to the SpolDB4 worldwide spoligotype database, is highly prevalent in northern Europe (8) . A total of 11 of 191 (5.8%) of TB cases in the present study were caused by the Beijing genotype. This prevalence is close to the 6% prevalence of Beijing genotypes in The Netherlands during 1993 and 2000 (3) . On the other hand, this prevalence of 5.8% in Sweden is lower than that reported from its Eastern European neighbors Estonia and Russia (range, 30 to 50% of all cases) (15, 26) . Interestingly, in contrast to Russia, where as many as 43% of the Beijing genotype isolates are characterized by MDR (i.e., simultaneous resistance to INH and RIF), none of the 11 Beijing genotype strains in our study was MDR. Indeed, only three Beijing strains showed resistance to any drug: one was resistant to INH, and two were resistant to INH and SM. This observation is not unusual, as the association among the presence of the Beijing genotype, the age of the patients, and drug resistance varies according to the country studied; e.g., the Beijing genotype is strongly associated with drug resistance in New York City, Russia, Cuba, and Estonia but not in Hong Kong (13) . Finally, 7 of 11 (63.6%) of the Beijing genotype strains in our study were isolated from individuals ages 15 to 39 years (mean age, 33 years), and this age group was also characterized by the highest proportion of clustered isolates (48.9%). Whether it suggests an ongoing active transmission of the Beijing genotype or imported cases of disease among migrants from Eastern Europe and Asia (9.2 and 25.9% of all the foreign-born persons, respectively [http: //www.migrationinformation.org]) remains unanswered.
Another predominant family in this study was EAI (6.2% of clustered strains by spoligotyping in our study). According to the SpolDB4 database, this family is prevalent in Southeast Asia, East Africa, and some parts of Europe. Among the Scandinavian countries, this family is overrepresented in Denmark and may be linked to recent migration from the regions where EAI is prevalent (http://www.migrationinformation.org). A study on the molecular epidemiology of TB in Denmark in 1992 showed that as many as 50% of the TB patients originated from the Indian subcontinent, Somalia, and Vietnam (32) .
Strains of the CAS family are essentially present in Central and Middle Eastern Asia (8) and have also been designated the Delhi type (30) . Like the EAI and Beijing families, the CAS family also belongs to major genetic group I of Sreevatsan et al. (25) and may represent the founding strains of the human M. tuberculosis bacillus in Central and Middle Eastern Asia. The CAS family could have been among one of the possible ancestors of the Beijing family.
Compared to the families belonging to major genetic group I mentioned above, this study also underlines the presence of relatively "modern" strains of major genetic group II (25), i.e., the Haarlem family of European origin; the LAM family, which is prevalent in Latin America and the Mediterranean region; and the X family, which is known to contain strains with low IS6110 copy numbers, probably of Anglo-Saxon origin (8) . Strains of the Haarlem (23%) and LAM (8%) families were also commonly found in Finland (19) . These may reflect the strong migratory links between Finland and Sweden (http: //www.migrationinformation.org). The remaining strains belonged to the ill-defined T family (in which spacers 33 to 36 are absent).
In conclusion, this study gives a first snapshot of the M. tuberculosis strains circulating in Sweden and the distributions of the major phylogenetic families in Sweden and its neighboring countries. It contributes to a better understanding of the current trend of TB transmission in a low-incidence country like Sweden. This study will be continued and further extended to other Scandinavian countries to provide a better estimation of the groups at risk for the development TB in this region.
